Diisopropyl fluorophosphate (DFP) causes neurotoxicity related to an irreversible inhibition of acetylcholinesterase (AChE). Management of this intoxication includes: (i) pretreatment with reversible blockers of AChE, (ii) blockade of muscarinic receptors with atropine, and (iii) facilitation of GABAA receptor signal transduction by benzodiazepines. The major disadvantage associated with this treatment combination is that it must to be repeated frequently and, in some cases, protractedly. Also, the use of diazepam (DZP) and congeners includes unwanted side effects, including sedation, amnesia, cardiorespiratory depression, and anticonvulsive tolerance. To avoid these treatment complications but safely protect against DFP-induced seizures and other CNS toxicity, we adopted the strategy of administering mice with (i) small doses of huperzine A (HUP), a reversible and long-lasting (half-life Ϸ5 h) inhibitor of AChE, and (ii) imidazenil (IMI), a potent positive allosteric modulator of GABA action selective for ␣5-containing GABAA receptors. Coadministration of HUP (50 g/kg s.c., 15 min before DFP) with IMI (2 mg/kg s.c., 30 min before DFP) prevents DFP-induced convulsions and the associated neuronal damage and mortality, allowing complete recovery within 18 -24 h. In HUP-pretreated mice, the ED50 of IMI to block DFP-induced mortality is Ϸ10 times lower than that of DZP and is devoid of sedation. Our data show that a combination of HUP with IMI is a prophylactic, potent, and safe therapeutic strategy to overcome DFP toxicity.
O rganophosphate (OP) neurotoxins are among the most lethal chemical poisons ever developed and in the present political climate, should be considered possible threats to both civilians and military personnel in terrorist attacks (1, 2) .
Most of the insecticides used worldwide are OP, and intoxication with these compounds represents a major public health concern in nonindustrialized countries (3, 4) . OP neurotoxins target cholinergic neurotransmission by irreversibly inhibiting acetylcholinesterase (AChE) and thereby inducing life-threatening disorders, including bronchial spasms and gland hypersecretion, muscle fasciculation, cardiovascular impairment, tremors, convulsions, coma, and in the worst case, may even include death (5, 6) . Subjects who survive severe OP-induced seizures will likely develop irreversible brain damage (7) .
The current prophylactic strategy to treat OP poisoning recommended by military organizations relies on pyridostigmine (PYR) bromide tablets taken over several days (5) . PYR is a reversible AChE blocker, which prevents the irreversible binding of OP to AChEs. In the event of OP poisoning, this pretreatment must be supported by a triple therapy based on atropine, oxime, and a benzodiazepine compound, usually diazepam (DZP).
Several limitations are associated with this conventional prophylactic treatment for subjects at risk for OP exposure (5) . PYR prevents OP-induced hypercholinergic toxicity and lethality but because of its low blood-brain barrier (BBB) penetration, fails to protect against OP-induced convulsions (8, 9 ). However, the tertiary carbamate physostigmine (PHY) can cross the BBB. It thus protects brain AChEs from the irreversible binding of OP (10) .
Thus, PHY weakens OP intoxication, thereby remaining the most effective treatment so far developed (8) . However, PHY has a short half-life, and to reach a blood concentration sufficient to counteract OP toxicity, it requires doses that induce unwanted centrally mediated psychological or behavioral side effects (11) (12) (13) . These side effects can be partly eliminated by a low dose of scopolamine (SCO) (13) . However, the administration of a muscarinic blocker may lead to unwanted effects in persons under warm to hot weather conditions or in persons wearing protections against chemical agents. SCO administration blocking muscarinic cholinergic receptors of secretal glands may inhibit sweating and thereby enhance the risk of heat injury (14, 15) .
An additional limitation on the use of AChE inhibitors is the incomplete protection from OP-induced seizures (5). Thus, this pretreatment must be followed rapidly by an administration of: (i) antimuscarinic agents, usually atropine (ATR), which prevents acetylcholine (Ach) from binding to muscarininc receptors [ATR cannot be given prophylactically because of its short half-life and at the doses required to overcome OP-induced hypercholinergic toxicity, it induces disorientation, confusion, and hallucinations (16) (17) (18) (19) ]; (ii) oxime, which reactivates AChEs blocked by OP before the ''aging'' of the binding to the enzyme (20) ; and (iii) anticonvulsants, usually DZP, which allosterically enhance GABA-mediated inhibition at various GABA A receptors. Unfortunately, DZP and congeners at the required anticonvulsant doses act at GABA A receptors expressing ␣ 1 subunits and cause sedation, amnesia, and cardiorespiratory depression (6) . When given for protracted periods, these benzodiazepines cause not only tolerance to their anticonvulsant effects but also dependence (21) . Hence, there is an urgent need to develop more effective and safe therapeutic strategies against OP poisoning.
Newly tested reversible AChE inhibitors include huperzine A (HUP), an alkaloid that crosses the BBB, selectively inhibits AChE, and fails to bind to butyrylcholinesterase (BuChE) (5) . HUP, isolated from Huperzia serrata, is currently approved in China for the treatment of Alzheimer's disease and other memory impairments (22) and has passed phase II clinical trials in the U.S. (http://clinicaltrials.gov/ct2/show/NCT00083590). At doses of 100-500 g/kg, HUP increases the survival of laboratory animals exposed to lethal doses of OP (5, 10, 23, 24) . However, at these high doses, HUP inhibits blood and brain AChEs by 50-70%, a value that limits its use in healthy subjects (5) . Moreover, at a dose of 500 g/kg, HUP produces untoward side effects such as chewing, salivation, tremors, and behavioral deficits (5, 10, 24) . Because prophylactic treatment with HUP fails to prevent the development of seizures in OP-intoxicated animals, HUP treatment should be associated with a nonsedative benzodiazepine [i.e., imidazenil (IMI)].
IMI is a positive selective allosteric modulator of GABA action at ␣ 5 -containing GABA A receptors, which, unlike DZP, is inactive at ␣ 1 -containing GABA A receptors (25, 26) . Thus, IMI elicits a potent anticonvulsant and anxiolytic action at doses that are virtually devoid of sedative and amnesic effects (6, (25) (26) (27) (28) (29) (30) (31) . Of note, IMI also potently antagonizes diisopropyl fluorophosphate (DFP)-induced seizures and mortality in rodents (6, 32) . This drug, at doses up to 60-fold greater than those producing anxiolytic and anticonvulsant actions, antagonizes the sedative and amnesic actions of DZP or alprazolam without causing tolerance (26) (27) (28) (29) (30) 33) . Furthermore, in non-human primates, IMI is virtually devoid of tolerance and dependence liability (29, 30) . The IMI clearance rate in vivo is slower (in rats the t1 ͞2 is 180 min, and in non-human primates its t1 ͞2 is Ͼ8 h) than that of DZP (26) .
For a prophylactic treatment that is devoid of side effects and effective against DFP-induced toxicity, we used a combined treatment of HUP and IMI. We show that pretreatment with a low dose of HUP (50 g/kg s.c., 15 min before DFP) in combination with IMI (2 mg/kg s.c., 30 min before DFP) is a safe prophylactic treatment against OP toxicity. This treatment not only prevents death but also protects against the seizures and neurodegeneration that follow OP intoxication. Our data also suggest that a combination of HUP and IMI could safely be used as a treatment after OP intoxication.
Results

Doses of HUP That Protect Mice Against DFP-Induced Mortality Fail to
Abolish DFP-Induced Seizures. DFP in doses of 0.3-12 g/kg s.c. elicits a clear dose-dependent hypercholinergic toxicity with a LD 50 of 2.7 Ϯ 0.2 g/kg s.c. (Fig. 1) . DFP, at a dose of 6 g/kg (Ϸ2ϫ LD 50 ), elicits a cholinergic hyperactivity in 2-3 min. After 5-6 min, severe convulsions appear (range 4-5 of Racine scale), which evolve into a status epilepticus in 7-8 min. Mice generally die within 10 min (Table 1 ). Based on these characteristics, this DFP dose was selected to study the dose-dependent protective efficacy of pretreatment with HUP alone or in combination with IMI. Fig. 2 shows that HUP given 15 min before DFP (6 g/kg s.c.) dose-dependently attenuates DFP-induced severe muscarinic effects and protects mice against DFP lethality (ED 50 , 34 Ϯ 3.0 g/kg). However, Table 1 shows that HUP doses (50 g/kg s.c. or higher) that effectively protect against DFP-induced lethality fail to prevent DFP-induced recurrent seizures (range 4-5 of Racine scale). Seizures generally last for 8-12 h after a DFP challenge. (Table 1) . Although IMI or DZP alone fails to protect against DFP-induced lethality (Fig. 3 ), a synergistic protective interaction occurs between these benzodiazepines and HUP. IMI is Ϸ10-fold more potent than DZP in protecting HUP-pretreated mice from DFP-induced death (ED 50 IMI, 0.08 mg/kg; ED 50 DZP, 0.83 mg/kg; see Fig. 3 ). Moreover, in IMItreated mice (2 mg/kg s.c. 30 min before DFP), the doseresponse curve of HUP protection against DFP-induced mortality shifts 2-fold toward the left (ED 50 16 Ϯ 3 g/kg; Fig. 2 ). At a dose of 50 g/kg s.c. HUP fails per se to alter locomotion or memory retention (Fig. 4) , whereas a dose of 100 g/kg s.c. strongly impairs motility and memory ( either alone or in combination with HUP (50 g/kg s.c.) fails to affect locomotion and mnemonic functions (Fig. 4 ). Of note, unlike DZP, IMI in combination with HUP at a dose that reduces DFP-induced lethality fails to induce sedation, amnesia, and muscle relaxation (6, 29) . Prophylactic treatment against OP exposure could be given before intoxication. Hence, we studied whether IMI prolongs the duration of HUP protection against DFP-induced lethality. As shown in Fig. 5 , if given 15 min before DFP exposure, a dose of 50 g/kg HUP is fully protective against DFP-induced lethality. However, its potency is reduced to 75% if given 30 min before DFP and entirely loses its efficacy if given 1 h before DFP intoxication. Nonetheless, IMI [as expected by its long half-life in rodents (26) ] potentiates the protective action of HUP. Also, IMI prolongs the efficacy of HUP at 1 h pretreatment, delaying occurrence of death from 3 to 6 h (Fig. 5) .
Combination of IMI and HUP Protects Mice Against DFP-Induced
Seizures, Neurotoxicity, and Cognitive Impairment. A combination of IMI (2 mg/kg s.c. 30 min before DFP) and HUP (25 or 50 g/kg s.c., 15 min before DFP) not only protects against DFPinduced mortality, but also against DFP-induced seizures (Table  1) . Seizure onset is delayed from 8 to 10 min in mice receiving only HUP, to 15-20 min when HUP is given with IMI, and in these mice, seizures never reached level 4-5 on the Racine scale ( Table 1 ). The window for recurrent seizures was considerably reduced from 8-12 h to 3-4 h in mice receiving HUP in combination with IMI (Table 1) .
Clear signs of DFP-induced neurotoxicity (TUNEL-positive nuclei) in the cortex and hippocampus of mice pretreated with HUP (50 g/kg s.c., 15 min before DFP) appear 48 h after a DFP challenge (Fig. 6 ). In contrast, these brain areas do not show signs of nuclear neuronal damage in HUP-and IMI-(30 min before DFP) treated mice (Fig. 6 ), suggesting that these drugs together offer powerful neuroprotection. One week after DFP intoxication, the combination of HUP and IMI prevents cognitive performance deficits (Fig. 7B ) that develop in mice treated with HUP alone (Fig. 7B ). Of note, these neuroprotective doses of IMI and HUP fail to produce behavioral dysfunctions (Fig. 4) .
HUP and IMI in Posttreatment Prevent DFP-Induced Toxicity.
Because it is difficult to predict when a person will be exposed to toxic levels of nerve agents (for example, in case of terrorist attacks), we studied whether posttreatment with HUP and IMI could also effectively counteract the acute toxicity of OPs. In posttreatment, it is imperative to add ATR to reduce the acute muscarinic syndrome that follows a few minutes after an administration of DFP (Table 2) . Posttreatment with ATR (10 mg/kg i.p.) and HUP (50 g/kg s.c.) given soon after intoxication with DFP protects all affected mice from DFP-induced mortality (Table 2) . Furthermore, when mice are treated immediately after DFP injection with HUP, ATR, and IMI (2 mg/kg s.c.), these mice are also protected from the seizures that follow DFP intoxication ( Table 2) .
Discussion
The present work reports on the remarkable efficacy and low side effect liability of prophylactic treatment with IMI in combination with HUP against DFP-induced neurotoxicity and lethality in mice.
By reducing DFP-induced cholinomimetic toxicity, HUP pretreatment in doses of 100 g/kg s.c. or higher effectively prevents OP-induced lethality (Table 1) . However, at the dose of 100 g/kg s.c., HUP causes a significant decrease in locomotor activity and reduces mnemonic function (Fig. 4) . In rodents, higher doses of HUP (200 g/kg or higher) induce dangerous unwanted side effects, including profuse salivation, bronchial hypersecretion, arterial hypotension, tremors, and convulsions (5, 10, 24) .
Of note, HUP alone, even if administered prophylactically in doses that protect mice from DFP-induced death, provides only marginal protection against DFP-induced seizures (Table 1) . Moreover, HUP fails to protect DFP-induced cortical and hippocampal neurotoxicity (Fig. 6) , likely caused by the protracted occurrence and duration of seizures (Table 1) . This evidence underscores the relevance of optimizing prophylactic action against OP toxicity using HUP by adding an anticonvulsant to this drug.
To abolish DFP-induced seizures and neurotoxicity, we investigated whether the combination of HUP with DZP or IMI improves the protective action of HUP. Pretreatment administration of these benzodiazepines combined with HUP provides full protection against DFP-induced lethality (Fig. 3) and exerts a potent anticonvulsant action (Table 1) . Of note, IMI is 10 times more potent than DZP in counteracting DFP-induced lethality, and unlike DZP, it fails to produce sedation, amnesia, or respiratory depression and fails to induce tolerance and dependence after repeated treatments . Moreover, the half-life of IMI (Ϸ3-4 h in rodents) is longer lasting than that of DZP (26) .
After the coadministration of HUP and IMI, in our histological studies of toxicity, we failed to detect the signs of neurotoxicity that were found in the brain of mice pretreated with HUP alone (Fig. 6) . Moreover, HUP in combination with IMI also fails to affect motility and memory functions (Fig. 4) . Thus, HUP and IMI provide an effective combination therapy that is devoid of side effects and can efficaciously be used as a medication for life-threatening exposure to OP. The half-life of HUP and IMI in humans is Ϸ5 and Ϸ12 h, respectively (26, 34) . Moreover, even after repeated treatment, HUP and IMI do not develop tolerance toward their protective effects (5, 26) . If applied to military personnel or civilians at risk for nerve toxin exposure, the prophylactic treatment against OP toxicity reported in the present work is particularly significant and should guarantee potent and efficacious protection for the various symptoms of OP toxicity. At the same time, this treatment fails to modify cognitive performance and alertness (Fig. 4) . It is noteworthy that the prophylactic efficacy of this treatment combination is not achieved by administering HUP alone or in combination with DZP or other commercially available benzodiazepines whose pharmacological profile includes sedative effects among other unwanted features.
The precise mechanism that accounts for the efficacy of treatment with HUP and IMI against DFP intoxication is still to be fully elucidated. HUP is a specific reversible blocker of the AChEs and does not interact with the BuChE and carboxylesterase (CarbE) present in the periphery, so these two proteins can act as endogenous scavengers and detoxify DFP in the bloodstream before it reaches critical concentration levels in the brain (35) . Additionally, this drug has been shown to dosedependently inhibit the binding of two antagonists at the Nmethyl-D-aspartate (NMDA) glutamate receptors, thus showing a possible antagonistic action toward this receptor subtype (36) . It is well established that this receptor subtype triggers neuronal damage caused by seizures (36) .
IMI acts as a nonsedative and potent antiepileptic agent endowed with a long duration of action (37) , and unlike DZP and other benzodiazepines, it protects against OP agent-induced seizures without producing sedation, tolerance, or dependence liability (6) . Because of these characteristics, IMI is an excellent candidate as the drug of choice to counteract OP-induced seizures. IMI acts specifically at ␣ 5 -containing GABA A receptors (25) , which are the receptor subtypes involved in its anticonvulsant action (38) . IMI is inactive at ␣ 1 -containing GABA A receptors, which accounts for the lack of sedative and amnesic actions and most likely for its failure to develop tolerance and dependence during protracted treatment (6, (26) (27) (28) (29) (30) (31) . More importantly, because it is devoid of the unwanted side effects of classical benzodiazepines (37) , IMI can be safely used as a prophylactic treatment.
Relevant to accidental or unforeseen exposure to OP, the present work also demonstrates that HUP and IMI in combination with ATR (administered as a single dose immediately after DFP exposure) fully counteracts DFP-induced neurotoxicity, including lethality (Table 2 ).
In conclusion, this article demonstrates the efficacy of a combination treatment with IMI and HUP that can safely be used against the toxicity of OP compounds. The therapeutic strategy of using this combination of IMI and HUP offers an excellent prophylactic tool against OP exposure because of its long-lasting action and the lack of unwanted side effects when given to healthy subjects. The prophylactic use of this treatment is particularly advisable for those workers who are at risk for being accidentally exposed to OP substances, including farmers or military personnel during war actions (1, 2) . Of course, this treatment would become extremely useful for civilians in the case of terrorist attacks.
Materials and Methods
Animals and Drugs. Adult male Swiss-Webster mice (Harlan Breeders), 25-30 g of body weight, maintained under a 12-h dark/light cycle and food and water ad libitum were used for these studies. Mice were housed in groups of five per cage (24 ϫ 17 ϫ 12 cm). The Internal Review Board at the University of Illinois at Chicago approved all animal experiment protocols for Animal Welfare. DFP and diazepam were purchased from Sigma-Aldrich. HUP was kindly offered by A. P. Kozikowski from the Department of Medicinal Chemistry and Pharmacology (University of Illinois, Chicago, IL). HUP and DFP were dissolved in sterile saline, and IMI and DZP were dissolved in vegetable oil. The drugs were injected s.c. between the shoulder blades of the animals. All injections (100 l/10 g) were performed by using disposable tuberculin syringes with 26-gauge needles.
Fear Conditioning. Fear conditioning was performed by using a computerized fear-conditioning system as reported in detail in ref. 39 . Mice were placed into the training chamber (10 ϫ 10ϫ 12 cm, clear plastic) and allowed to explore for 3 min. After this time, they received an electric foot shock (2 s, 0.5 mA) delivered through the floor grid three times every 2 min. After the last shock, mice were allowed to explore the context for an additional 1 min before removal from the training chamber and placed back into the home cage. Freezing behavior was measured 24 h after training (for 5 min) in which the percentage of time spent in the context in which they were shocked was assessed. Freezing involved the absence of all movement except for respiratory-related movements while the mouse was in a stereotypical crouching posture (40) .
Measurement of Locomotor Activity in a Novel Cage.
A computerized AccuScan 12 animal activity monitoring system (Columbus Instruments) assisted by VERSAMAX software (AccuScan Instruments) monitored locomotor activity in mice (41) . Each activity cage consisted of a Perspex box (20 ϫ 20 ϫ 20 cm) surrounded by horizontal and vertical infrared sensor beams. The locomotor activity of these mice was recorded between 1:00 and 3:00 p.m. in the facility room where they had been housed.
Measurement of Seizure Activity. The Racine scale was used (42) with the introduction of minor modifications to this seizure model. Behaviors were represented by the following numbers: 0, behavioral arrest (motionless), hair raising, excitement, and rapid breathing; 1, mouth movement of lips and tongue, vibrissae movements and salivation; 2, head clonus and eye clonus; 3, forelimb clonus, ''wet dog shakes''; 4, clonic rearing; 5, clonic rearing with loss of postural control and uncontrollable jumping.
Neuronal Damage Evaluation. Forty-eight hours after the acute DFP challenge, mice were anesthetized with Nembutal (50 mg/kg i.p.) and perfused with 4% paraformaldehyde in PBS (pH 7.4). Brains were removed and postfixed in 4% paraformaldehyde for at least 72 h in PBS (pH 7.4) at 4°C and then transferred to 30% sucrose in PBS (pH 7.4) at 4°C for cryoprotection. Fixed brains were then embedded in frozen section medium, and 20-m thick sections were cut in a cryostat at 4°C and mounted on glass slides for TUNEL assays.
Tissues were permeabilized with 0.1% Triton X-100 in freshly prepared 0.1% sodium citrate for 2 min on ice, rinsed briefly, and incubated in proteinase K (15 mg/ml) for 10 min at room temperature and washed three times with PBS buffer for a total of 30 min. Endogenous peroxidase was quenched with 0.3% (vol/vol) hydrogen peroxide in methanol for 30 min, and the tissue was rinsed with PBS for 10 min. After equilibration in PBS buffer, sections were incubated with terminal deoxynucleotide transferase (TdT)-containing digoxigenin-dUTP at 37°C for 1 h in a humidified chamber. The TdT reaction was terminated by three washes in PBS buffer for 10 min. Antidigoxigenin peroxidase (converter-POD) was added to the tissue sections, and the sections were incubated for an additional 30 min at 37°C in a humidified chamber. Two controls per assay were performed: incubating sections with DNase I served as positive control, and omission of the terminal transferase from the reaction mixture served as the negative control. Staining was developed with diaminobenzidine-nickel ammonium sulfate, and light microscopic examination of the sections was performed at 40ϫ magnification.
